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The netrins and slits are two families of widely
conserved cues that guide axons and cells along
the dorsal-ventral (D-V) axis of animals. These cues
typically emanate from the dorsal or ventral midlines
and provide spatial information to migrating cells
by forming gradients along the D-V axis. Some cell
types, however, extend processes to both the dorsal
and ventral midlines, suggesting the existence of
additional guidance cues that are secreted from
both midlines. Here, we report that a previously un-
characterized protein called MADD-4 is secreted by
the dorsal and ventral nerve cords of the nematode
C. elegans to attract sensory axons andmusclemem-
brane extensions called muscle arms. MADD-4’s
activity is dependent on UNC-40/DCC, a netrin
receptor, which functions cell-autonomously to
direct membrane extension. The biological role of
MADD-4 orthologs, including ADAMTSL1 and 3 in
mammals, is unknown. MADD-4 may therefore
represent the founding member of a family of guid-
ance proteins.
INTRODUCTION
The midline of bilaterally symmetrical animals is where the
left and right sides meet and is the key landmark that is used
to organize development along the dorsal-ventral axis. Cells at
the midline secrete diffusible ligands that create gradients along
the dorsal-ventral axis. Migrating cells or cell extensions that can
sense these gradients travel up or down the concentration
gradient depending on how they interpret the guidance cue. In
this way, cells can position themselves along the dorsal-ventral
axis in a stereotypical manner.
Two families of secreted ligands have conserved roles in
guiding midline-oriented migrations: the slits and the netrins.
The slits typically act as repellants (Hao et al., 2001; Kidd
et al., 1999; Rothberg et al., 1988). The netrins can be interpreted
as either attractive or repulsive, in part depending on the recep-Developmtors expressed on the migrating cell (Colamarino and Tessier-
Lavigne, 1995; Hedgecock et al., 1990; Kennedy et al., 1994;
Serafini et al., 1994). In the developing Drosophila ventral nerve
cord and the vertebrate spinal cord, the coordinate expression
of slit and netrin by cells near the ventral midline guides the
extension of midline-oriented axons. Axons that express the
slit receptor, called Robo in flies and vertebrates, are repelled
from the midline and extend ipsilaterally (Kidd et al., 1998,
1999). By contrast, axons that express the netrin receptor, called
DCC in vertebrates and frazzled in flies, extend toward the
midline (Keino-Masu et al., 1996; Kolodziej et al., 1996). As
they traverse the midline, the commissural axons upregulate
Robo and become repelled from the midline they just crossed,
allowing the axons to complete their contralateral trajectory
(Kidd et al., 1998).
Unlike their coincident expression at the ventral midline of
flies and vertebrates, the slit and netrin gradients are diametri-
cally opposed along the dorsal-ventral axis of the nematode
Caenorhabditis elegans. Netrin, called UNC-6 in worms, likely
reaches a maximum concentration at the ventral midline (Wads-
worth et al., 1996). Slit, called SLT-1 in worms, likely reaches
a maximum at the dorsal midline (Hao et al., 2001). Both guid-
ance cues are global cues in that they provide guidance informa-
tion along the entire dorsal-ventral axis. For example, commis-
sural motor axons originate from the ventral midline and travel
down the UNC-6 gradient to the dorsal midline (Hedgecock
et al., 1990; Ishii et al., 1992). Similarly, the AVM and PVM
sensory axons, which originate from their laterally positioned
cell bodies, travel down the SLT-1 gradient to reach the ventral
midline (Hao et al., 2001; Zallen et al., 1998). Some cells or cell
extensions that migrate along the dorsal-ventral axis use both
UNC-6 and SLT-1 as guidance cues, others use either cue,
and some apparently use neither (Alexander et al., 2009; Hao
et al., 2001; Hedgecock et al., 1990; Ishii et al., 1992).
We usemuscle arm extension inC. elegans as amodel system
to investigate midline-oriented guidance (Dixon and Roy, 2005).
The body muscles used for locomotion are arranged in longitu-
dinal rows that flank the dorsal and ventral nerve cords, which
mark the dorsal and ventral midlines, respectively (Figure 1A).
The body muscles extend actin-based membrane projections,
called muscle arms, to the motor axons within the nearest nerve
cord of young larvae (Dixon and Roy, 2005; White et al., 1986).
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Figure 1. The Muscle Arm Extension Defects of madd-4 Mutants
(A) A schematic of selected details of C. elegans neuromuscular anatomy. The distal body muscles that express our YFP marker for muscle arms are indicated in
red. Neurons are colored blue. Relevant features are labeled.
(B–I) Fluorescent micrographs of the four distal muscles of dorsal (B–E) or ventral (F–I) quadrants that express themuscle arm reporter (in white) most brightly from
the trIs30 integrated transgenic array. The nervous system is false colored blue and the nerve cord is indicated with a yellow arrowhead. The genotype is
indicated. In all micrographs, anterior is to the left. Dorsal right muscle 15 (Dr15) is indicated with a white arrow in (B)–(E). Ventral left muscle 11 (Vl11) in (F)–(I) is
indicated with a white arrow. The muscle arms of these two muscles are indicated with red arrowheads. The scale bar represents 40 mm.
(J) The average number of muscle arms per Dr15 for the tr185 and ok2854madd-4 alleles or large chromosomal deficiency (Df). Data for nDf23 (see Figure 2A) are
similar to that of nDf29 (not shown).
(K) Transgenic rescue of the muscle arm extension defects of madd-4(tr185). [fosmid+RFP tag] indicates an extrachromosomal array harbouring the madd-4
fosmid WMR0626cA02 in whichmadd-4 is tagged with a bicistronic mCherry tag (see Figure S2A); [madd-4p::MADD-4B::YFP] indicates an extrachromosomal
array harboring the pPR680 construct that drives the expression of MADD-4B fused C-terminally with YFP from themadd-4A promoter. [neuro::MADD-4B::YFP]
indicates a chromosomally integrated array (trIs57) that expresses a MADD-4B-YFP fusion from the panneuronal promoter unc-119.
(L) The average number of muscle arms for Vl11 is indicated for the genotypes shown. For (J)–(L), the standard error of the mean is shown. Statistical significance
(p < 0.001) is indicated with a filled asterisk whose color is matched with a dot above the data point to which the comparison was made. A lack of significant
difference (p > 0.05) is indicated with an open asterisk whose color is matched with a dot above the data point to which the comparison was made.
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et al., 1986).
The dorsal and ventral muscles extend arms in opposite direc-
tions (Figure 1A). Hence, the regulation of muscle arm extension
is of special interest because it represents a symmetrical guid-
ance event that occurs within a field of asymmetrically distrib-
uted guidance molecules along the dorsal-ventral axis. If posi-
tional information from either global guidance cue (i.e., netrin
or slit) is used by extending muscle arms, the dorsal muscles
must interpret this information differently than the ventral
muscles. Alternatively, another guidance cue may be secreted
by cells at the dorsal and ventral midlines to attract muscle
arms. Previous work has shown that muscle arms can extend
to motor axons that are misguided along the lateral body wall
(Hedgecock et al., 1990), suggesting that the motor axons at
the dorsal and ventral midlines likely secrete a heretofore
unidentified cue to attract muscle arms.
We have previously shown that the netrin receptor UNC-40
functions within the body muscles to direct muscle arm exten-
sion to the dorsal and ventral nerve cords (Alexander et al.,
2009). UNC-6, however, is dispensable formuscle arm extension
(Alexander et al., 2009; Hedgecock et al., 1990). Here, we show
that a previously uncharacterized gene product called MADD-4
is secreted from both the dorsal and ventral nerve cords to
attract extending muscle arms and axons. MADD-4 is critical
for normal muscle arm extension to the dorsal midline, but func-
tions redundantly with UNC-6 to guide muscle arms and axons
to the ventral midline. Hence, MADD-4 provides symmetrical
information along the dorsal-ventral axis so that muscle arms
can extend to both the dorsal and ventral midlines.
RESULTS
A Forward Genetic Screen for Madd Mutants Reveals
MADD-4, an ADAMTSL Ortholog
Through a forward genetic screen, we previously identified
several components that function cell-autonomously to direct
muscle arm extension (Alexander et al., 2009). Given that this
screen was not saturated for mutant genes, we continued to
screen for a muscle arm chemoattractant. We identified three
alleles of a gene we call madd-4(tr158, tr182, and tr185). Madd
is an acronym for themuscle arm development defective pheno-
type (Alexander et al., 2009). madd-4 mutants have extensive
dorsal muscle arm extension defects and weaker ventral muscle
arm extension defects (Figure 1). Animals null for madd-4 have
an intact dorsal cord and little-to-no commissural axon guidance
defects (Figure 1C and data not shown). The point mutations
and molecular nulls of themadd-4 locus are semidominant (Fig-
ure 1J), suggesting that animals are sensitive to the dose of
MADD-4.
Wemappedmadd-4 to a 0.2map unit interval on chromosome
I using a combination of molecular mapping techniques (Wicks
et al., 2001) and complementation tests between madd-
4(tr185) and chromosomal deficiencies whose end points are
genetically defined (Figure 2A). Approximately 40 genes reside
in the 0.2 map unit interval. The F53B6.2 gene was of immediate
interest because large-scale expression analyses suggested
that it is expressed in midline neurons (Hunt-Newbury et al.,
2007), which are the targets of extending muscle arms. F53B6.2Developmis otherwise uncharacterized. Several lines of evidence show
that F53B6.2 is madd-4. First, each of our three madd-4 alleles
has amutation within the F53B6.2 gene (Figure 2A; see Figure S1
available online). Second, the madd-4(tr185) allele failed to
complement two independent deletion alleles of F53B6.2
(ok2854 and ok2862) (Figure 1J and data not shown). Third,
expression of the madd-4 cDNA from madd-4 promoter and
enhancer elements rescues the muscle arm extension defects
of madd-4 mutants (Figure 1K). We henceforth refer to
F53B6.2 as madd-4.
Themadd-4 locus is predicted to encode two isoforms based
on EST evidence (Reboul et al., 2001) (Figure 2B). MADD-4A,
which has 1045 residues, has a signal peptide, 9 thrombospon-
din type I repeats (TSRs) that are interrupted by a single IG
domain, and a C-terminal PLAC domain of unknown function
(Figure 2C and Figure S1). MADD-4B has 711 residues and is
similar to MADD-4A except that it lacks the three N-terminal
TSRs.
MADD-4A is orthologous to two mammalian paralogs
named ADAMTSL1 and ADAMTSL3 (Figure 2 and Figure S2).
ADAMTS-like proteins have homology to the ADAMTS (a disinte-
grin and metalloprotease with thrombospondin domains) pro-
teins, but have neither the disintegrin nor the metalloprotease
domain (Porter et al., 2005). Both ADAMTSL1 and 3 are secreted
and localize to the extracellular matrix of COS cells in a punctate
pattern, resulting in their alternative monikers, punctin-1 and 2,
respectively (Hall et al., 2003; Hirohata et al., 2002). There also
exists a Drosophila ortholog of MADD-4 called CG31619 (Fig-
ure 2C). Little is known about the function of any ADAMTSL
family member.
MADD-4B Is Necessary for Muscle Arm Extension
The madd-4(tr185) mutation is within a madd-4B-specific exon
and changes the initiator methionine codon of MADD-4B to an
isoleucine codon (Figure 2B). When tr185 is placed in trans to
large deletions that remove the entire madd-4 locus and more
(i.e., nDf23 and nDf29) or smaller deletions that remove only
a part of the locus (i.e., ok2854 and ok2862), the resulting muscle
arm extension defects are no worse than in tr185 homozygotes
(Figure 1J). This genetic test indicates that tr185 is null for
madd-4’s role in muscle arm extension and that MADD-4B is
necessary for this activity. It should be noted that although the
three madd-4 alleles (tr185, ok2854, and ok2862) behave as
genetic nulls with respect to muscle arm extension, it remains
possible that these alleles retain activity for other madd-4 activ-
ities that have not yet been analyzed.
MADD-4 Likely Functions from the Midline Motor
Neurons to Guide Muscle Arm Extension
To identify the cells that express madd-4, we built several
constructs that use madd-4 enhancer and promoter elements
to drive the expression of fluorescent proteins in vivo (Fig-
ure S3A). Relative to more complex animals, the gene structure
of C. elegans is simple in that most genes, the elements that
control gene expression exist within approximately 3 kb directly
upstream of the gene’s initiator methionine (Dupuy et al., 2007).
The madd-4A reporter (madd-4Ap::RFP) consists of 3.2 kb of
sequence upstream of the MADD-4A initiator methionine that
drives the expression of red fluorescent protein (RFP). Theental Cell 21, 669–680, October 18, 2011 ª2011 Elsevier Inc. 671
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Figure 2. The Cloning of madd-4
(A) The cloning ofmadd-4. Molecular mapping techniques
were used to map madd-4(tr185) between 3.01 and 3.80
centimorgans (cM) on the right arm of chromosome 1.
Large chromosomal deficiencies (Df) were used in com-
plementation tests to refine themadd-4 region. tr185 failed
to complement nDf23 and nDf29, but not qDf9 (see Fig-
ure 1J). The region uncovered by nDf29 consists of
approximately 200 kb. One of the genes in this 200 kb
region, F53B6.2, harbored mutations in the background
of each of our madd-4 alleles. The dotted red line defines
the madd-4a promoter. The dotted blue and green lines
defines the madd-4b promoter. The dotted blue lines
indicate the deleted sequence of the indicated allele.
(B) The predicted transcripts of madd-4 are shown.
(C) The predicted protein isoforms of MADD-4 and its or-
thologs in Drosophila and human (see Figures S1 and S2
for more details). The percentage identity between the
domains of MADD-4 and the corresponding domains of its
orthologs is shown below the orthologs’ domains. The
multiple IG domains of the ADAMTSLs are compared with
the single IG domain of MADD-4. Similarly, TSR2 of
MADD-4 is compared to the second and third TSR of the
corresponding ortholog (indicated with a superscript ‘‘2’’)
and TSR8 of MADD-4 is compared with the ninth and tenth
TSR of the fly and ADAMTSL3 orthologs (indicated with
a superscript ‘‘8’’). The overall identity between MADD-4A
and its orthologs, as well as the Blastp score between
MADD-4A and its orthologs is reported on the right of the
three orthologs.
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madd-4(tr185) mutant when it is used to drive the expression
of the MADD-4B cDNA (Figure 1K). This indicates that the 3.2
kb sequence likely contains all of the spatiotemporal regulatory
elements that are necessary for madd-4 function.
Animals transgenic for madd-4Ap::RFP express RFP in the
commissural GABAergic and cholinergic motor neurons (Figures
S3B–S3D). All commissural motor neurons extend processes in
both the ventral and dorsal cords and their cell bodies reside
exclusively in the ventral cord (White et al., 1986). RFP expres-
sion is weak in hatchlings and increases dramatically in only
the cholinergic commissural motor neurons during the second
larval stage (Figures S3B and S3C), which is coincident with
the period of larval muscle arm extension (Dixon and Roy,
2005). This pattern of commissural motor neuron-specific
expression persists into adulthood (Figure S3D) and no other
cells or stages express RFP from the madd-4A promoter.
To examine the expression pattern ofmadd-4B, we conjoined
the intronic sequence that flank the madd-4B-specific exon
that harbors the 50UTR and initiator codon of MADD-4B (see
the yellow and green highlighted sequence in Figure 2A) and
used it to drive YFP expression (Figure S3A). We define this
sequence as the madd-4B promoter (or madd-4Bp). Animals672 Developmental Cell 21, 669–680, October 18, 2011 ª2011 Elsevier Inc.transgenic for a chromosomally integrated array
of either madd-4Bp::YFP or madd-4Bp::RFP
(called trIs79 and trIs80, respectively) expressed
fluorescent protein in all commissural motor
neurons and in no other cell types within the
body (as opposed to the head) (Figures 3A and
3B and Figures S3B–S3D).Through a mosaic analysis of animals harboring an extrachro-
mosomal array of madd-4Bp::YFP, we found that the madd-4B
promoter also drives expression in the head neurons RIA, RIC,
lateral IL1s, lateral IL2s, OLLs, RMEs, and SABs (Figures 3C–
3I). YFP may also be expressed in AVH, AVKL, and ASG, and
AIZ. All of these head neurons extend an axon into themajor neu-
ropil of the head, called the nerve ring (White et al., 1986). Given
that the head and neck muscles extend muscle arms into the
nerve ring, this expression pattern suggests that MADD-4 may
also play a role in the development of the head and neck muscle
arms.We also observedmadd-4B-driven YFP expression during
embryogenesis in the blast cells and corresponding terminally
differentiated ventral cord motor neurons and head neurons
(Figure S4).
Finally, we made a bicistronic madd-4 reporter containing an
RFP cassette that is inserted immediately 30 of the madd-4
stop codon within a fosmid harboring madd-4 (see methods
and Figure S3A). The resulting construct rescues the muscle
arm extension defects of madd-4(tr185) (Figure 1K) and ex-
presses RFP faintly in neurons of the ventral cord and the head
(data not shown). Together, these expression patterns suggest
that MADD-4 functions from commissural motor axons to attract
muscle arms.
B  Adult (madd-4Bp::YFP)
A’  L2 (madd-4Bp::RFP) + cholinergic motor neurons (CFP)
A  L2 (madd-4Bp::RFP)
A’’  L2 (madd-4Bp::RFP) + gabaergic motor neurons (YFP)
C  OLL
D  IL1
E  SABD
F  IL2
G  RIA H  RMED
I  RMEV
Figure 3. The Expression Pattern Driven by the madd-4b Promoter
Elements
(A) An L2 animal expressing madd-4Bp::RFP from the trIs80 chromosomally
integrated transgenic array. The animal also has the trIs8 chromosomally
integrated transgenic array, which contains a marker that expresses YFP in all
26 GABAergic neurons, including the 19 commissural motor neurons in adults
(6 in young larvae), and a CFP marker that is expressed in a subset of
cholinergic motor neurons. The overlap between RFP-expressing neurons and
CFP (A’) or YFP (A’’)-expressing neurons is indicated with white arrows. The
scale bar in (A) represents 25 mm.
(B) The madd-4B promoter drives the expression of YFP in all commissural
motor neurons. Shown is the right side of an adult animal that harbors the
trIs79(madd-4Bp::YFP) chromosomally integrated transgenic array. Anterior is
to the right in (A) and (B). The scale bar in (B) represents 50 mm.
(C–I) Adult animals that are mosaic for an extrachromosomal array harboring
themadd-4Bp::YFP transgene. The white arrowhead indicates the cell body of
the indicated neuron. The white arrow points anteriorly and indicates the
center of the nerve ring. The scale bar in (C) represents 25 mm and is the same
for micrographs (D)–(I). Further description of the madd-4B and madd-4B
expression pattern is presented in Figures S3 and S4.
Developmental Cell
MADD-4 Guides Muscle Arms and Axons in C. elegansMADD-4 Localization to the Dorsal Midline Is Dependent
on the UNC-104 Anterograde Kinesin
One of the first pieces of evidence to suggest that the motor
neurons express a cue to attract muscle arms came from an
investigation of the UNC-104 anterograde kinesin. UNC-104
is required to transport vesicles along the commissural motor
axons to the dorsal cord from the cell bodies that reside
within the ventral cord (Hall and Hedgecock, 1991). In unc-104
mutants, vesicles accumulate within the motor neuron cellDevelopmbodies of the ventral cord, and dorsal muscle arms often extend
to the sites of vesicle accumulation (Hall and Hedgecock, 1991).
Hence, if MADD-4 is the muscle arm attractant, its localization to
the dorsal cord should be dependent on unc-104. To investigate
this possibility, we tagged MADD-4B with YFP and expressed it
from commissural motor neurons using the unc-119 promoter.
The resulting transgenic array, called trIs57, is able to rescue
themuscle arm extension defects ofmadd-4mutants (Figure 1K)
and therefore expresses functional MADD-4B::YFP. In an other-
wise wild-type background, MADD-4B::YFP is localized to both
the ventral and dorsal nerve cords (Figure 4A). By contrast,
MADD-4B::YFP localization to the dorsal cord is undetectable
in more than 90% of unc-104 mutants (Figures 4B and 4C).
This is not a secondary consequence of commissural axons
failing to reach the dorsal cord because commissural axons
extend normally in unc-104 mutants (Hall and Hedgecock,
1991). Even in unc-40 mutants in which some commissural
axons fail to reach the dorsal cord, MADD-4::YFP can still be
observed along the dorsal cord and/or tracts ofmisguided axons
(Figure 4C).
We previously reported that unc-104 mutants have dorsal
muscle arm extension defects (Dixon and Roy, 2005). If the
muscle arm extension defects of the unc-104 mutant are solely
a consequence of its inability to transport MADD-4, then a muta-
tion in unc-104 should not be able to enhance the Madd pheno-
type of madd-4(tr185). Indeed, the Madd phenotype of the
madd-4; unc-104 double is no worse than either single mutant
(Figure 4D). Together, our results are consistent with the idea
thatMADD-4 is amuscle arm attractant that UNC-104 transports
to the dorsal nerve cord.
Ectopic Expression of MADD-4 Redirects Muscle Arm
Extension in an UNC-40-Dependent Manner
We reasoned that if MADD-4 is a muscle arm attractant, ectop-
ically expressing it along the lateral line should redirect muscle
arm extension laterally. We therefore used the ceh-23 promoter
(Forrester et al., 1998) to express MADD-4 from the CAN
neurons, which are a bilaterally symmetrical pair of neurons
that extend an anterior and posterior axon along the lateral line
(Figures 5A and 5B). We observed a dramatic redirection of
muscle arm extension laterally in these transgenic animals (Fig-
ure 5C). MADD-4A and B have equivalent activity in this assay
(not shown). Muscle arm extension to the CAN is enhanced in
response to CAN-expressed MADD-4 inmadd-4(tr185)mutants
(Figure 5D). In these animals, there is also a simultaneous reduc-
tion in muscle arm extension to the dorsal and ventral nerve
cords (Figure 5E). We infer that the spatial distribution of
MADD-4 is shifted from the midlines to the lateral lines when
MADD-4 is expressed from the CAN and is further shifted in
a madd-4 mutant background.
To investigate the possibility that MADD-4 attracts muscle
arm extensions through an interaction with cues that guide
migrations along the dorsal-ventral axis, we asked whether
CAN-expressed MADD-4 can redirect muscle arm extension in
the background of null mutations in unc-6, unc-129, and slt-1.
We found that MADD-4 does not rely on any of these three guid-
ance cues to attract muscle arms (Figure 5D). These results
are consistent with our previous observations that unc-6 null
mutants and animals with slt-1 or unc-129 targeted by RNAiental Cell 21, 669–680, October 18, 2011 ª2011 Elsevier Inc. 673
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Figure 4. The UNC-104 Kinesin Is Required for MADD-4
Localization to the Dorsal Nerve Cord
(A) Functional MADD-4B::YFP is localized as puncta along the
ventral and dorsal cords when expressed panneuronally from the
unc-119 promoter from the trIs57 chromosomally integrated
transgenic array (see Figure 1K). The scale bar, representative of
both (A) and (B), represents 25 mM.
(B) In the background of unc-104(rh43), which is a strong loss-of-
function mutation, MADD-4B::YFP is localized to the ventral cord,
but not the dorsal cord. The micrographs in (A) and (B) are flipped
so that anterior is to the left.
(C) The quantification of the observed defects in the localization of
MADD-4B::YFP in the indicated genetic background.
(D) Muscle arm extension defects of the indicated genetic
background. The muscle arm extension defects of madd-4 is
not enhanced by unc-104(rh43). Muscle arm extension of ventral
left muscle 11 and dorsal right muscle 15 (Dixon and Roy, 2005)
was quantified. Statistical significance (p < 0.001) is indicated
with a filled asterisk whose color is matched with a dot above
the data point to which the comparison was made. A lack
of significant difference (p > 0.05) is indicated with an open
asterisk whose color is matched with a dot above the data point
to which the comparison was made. Standard error of the mean
is shown.
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et al., 2009; Dixon et al., 2006), but do not rule out the possibility
that MADD-4 interacts with an as yet unidentified component to
guide migrations.
We previously established that the UNC-40 receptor and the
MADD-2 adaptor protein functions in muscles to direct arm
extension (Alexander et al., 2009, 2010; Hao et al., 2010). We
tested whether mutations inmadd-2 and unc-40 could suppress
the extension of redirected arms and found that they could (Fig-
ure 5D). These results are consistent with the idea that MADD-4
functions through an UNC-40 pathway to attract muscle arms to
the dorsal and ventral nerve cords.
A Domain Analysis of MADD-4 Indicates that TSR4
and the IG Domain Are Both Necessary and Sufficient
for Activity
As a first step toward understanding the function of MADD-4
domains, we investigated which MADD-4 domains are neces-
sary and sufficient for its activity. We made a series of deletions
in the MADD-4B::YFP construct that is expressed from the CAN
neurons and then quantified their ability to attract muscle arms to
the CANs (Figure 5F). This assay is more sensitive to the pertur-
bation of MADD-4 activity than a rescue assay for muscle arm
extension (i.e., there is only a 2-fold loss of normal muscle
arms in madd-4 nulls (Figure 1J), but there is a 9-fold increase
in the number of laterally projected muscle arms when MADD-
4 is expressed in the CAN [Figure 5F]). We found that the deletion
of the C-terminal PLAC, and thrombospondin repeats (TSR) 5, 6,
7, 8, and 9, have only mild effects on the activity of MADD-4. By
contrast, removal of TSR4 dramatically reducesMADD-4 activity
and removal of the IG domain eliminates it. Expression of TSR4
(together with TSRs 5, 6, and 7) has no activity, nor does the
expression of only the IG domain. However, the expression of
a TSR4::IG fusion protein exhibits strong activity. We conclude674 Developmental Cell 21, 669–680, October 18, 2011 ª2011 Elsevthat MADD-4’s TSR4 and IG domains are individually necessary
and together are sufficient to attract muscle arms.
MADD-4 Is a Secreted Cue that Diffuses
MADD-4 has a putative signal peptide and can attract muscle
arms when expressed at a distance from muscles. Hence,
MADD-4 is likely secreted and can diffuse. We performed three
experiments to further investigate this idea. First, we removed
MADD-4’s putative signal peptide and tested whether the
mutant protein could attract muscle arms when expressed
from the CAN neurons and found that it could not (Figure 5F).
Second, we fused MADD-4 to a transmembrane domain to
tether it to the plasma membrane and expressed this fusion
protein from the CAN neurons. The membrane-tethered
MADD-4 dramatically reduced lateral arm extension (Figure 5F),
suggesting that MADD-4 must diffuse to function. Third, we
ectopically expressed YFP-taggedMADD-4 from only the dorsal
muscles and found that it was able to diffuse and accumulate at
the ventral midline (Figure S5). The same promoter was used to
drive the expression of plasma membrane-anchored YFP in
control animals, but YFP did not localize to the ventral midline
in these animals (Figure S5). We conclude that MADD-4 is
secreted and diffuses to attract muscle arms.
MADD-4 Cooperates with UNC-6 to Guide Ventral
Muscle Arm Extension
Given that UNC-40 directs muscle arm extension and that its
canonical cue is UNC-6/netrin, it was surprising that unc-6 null
mutants have no muscle arm extension defects to the ventral
midline (Figure 1H and (Alexander et al., 2009; Hedgecock
et al., 1990)). Our observation that madd-4 mutants have
dramatic defects in muscle arm extension to the dorsal midline,
but not ventral midline, raised the question of whether MADD-4
and UNC-6 function redundantly to guide ventral muscle armier Inc.
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Figure 5. Ectopic Expression of MADD-4 from the
CAN Neuron Attracts Muscle Arms to the Lateral
Line
(A) A schematic of the worm showing the CAN neuron
(yellow) on the left side with the body muscles above and
below it outlined in black.
(B) A control animal expressing a muscle plasma
membrane marker in the body muscles (the dorsal and
ventral muscle quadrants are indicated with an asterisk)
and YFP in the CAN neuron (yellow arrowhead). The axon
of the CAN neuron is indicated with yellow arrows.
(C) An animal carrying the same markers as in (B), but also
expressing MADD-4B::YFP from the CAN neuron. Muscle
arms extend toward the CAN (red arrows). For (B) and (C),
anterior is to the left and the inset shows a magnified view
around the CAN cell body. The scale bar represents 50 mM
for both (B) and (C).
(D) The redirection of muscle arms in response to CAN-
expressed MADD-4B::YFP (shown as CAN-MADD-4) is
dependent on madd-2 and unc-40, but not madd-4.
(E) The number of (normal) muscle arms extended to the
nearest nerve cord decreases upon expressing MADD-
4B::YFP ectopically from the CAN neuron (CAN-MADD-4)
and decreases further in this background upon the re-
moval of endogenous madd-4. The body muscles exam-
ined are ventral left 11 (Vl11) and dorsal right 15 (Dr15).
The loss-of-function alleles used in (D) and (E) are madd-
2(tr129), unc-40(n324), and madd-4(tr185).
(F) Animals carrying the muscle plasma membrane marker
(trIs30) were made transgenic for constructs expressing
the indicated proteins (fused to YFP) and the number of
lateral membrane projections is reported. Two indepen-
dent transgenic lines were examined for each construct
and each behaved similarly. For simplicity, amalgamated
counts of the left and right sides of the two characterized
lines are shown. The green box at the C terminus of
the second last protein indicates a fusion to the trans-
membrane (TM) domain of the b-integrin PAT-3. For all
graphs, statistical significance (p < 0.001) is indicated with
a filled asterisk whose color is matched with a dot above
the data point to which the comparison was made. A lack
of significant difference (p > 0.05) is indicated with an open
asterisk whose color is matched with a dot above the
data point to which the comparison wasmade. If the dot or
asterisk is between an adjacent pair of bars, the compar-
ison holds true for both of the bars. Standard error of the
mean is shown.
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Figure 6. Expression of MADD-4 from the Dorsal Muscles
Redirects the AVM and PVM Mechanosensory Axons
Dorsally
(A) A schematic of the worm showing the six mechanosensory
axons. Dorsal is up and anterior is to the right. At the forefront
are the three axons on the right side of the animal, PLMR, ALMR,
and AVM. On the other side of the worm are the PLML, PVM,
and ALML.
(B) A chart showing that the madd-4(ok2854) null allele can
enhance the AVM guidance defects of the slt-1(ok255) and
unc-6(ev400) null mutants, but not those of the unc-40(n324) null.
(C) A fluorescent micrograph of a young adult that expresses GFP
in the six mechanosensory neurons, including the AVM (shown)
from the muIs32 chromosomally integrated transgenic array
(Ch’ng et al., 2003).
(D) The same as in (C) except MADD-4::YFP is expressed from the
trIs78 chromosomally integrated transgenic array, which drives the
expression of both MADD-4A::YFP andMADD-4B::YFP in only the
dorsal muscles from the unc-129 muscle-specific promoter. The
direction of the green arrows in (C) and (D) show the trajectory of
the AVM axon. The scale bar in (C) represents 25 mM and is the
same for both micrographs.
(E) Charts showing the percentage of AVM (left chart) and PVM
(right chart) guidance errors in the indicated mutant background
when MADD-4 is expressed from the dorsal muscles (D-MADD-4)
or not. In (B) and (E), the alleles used are: slt-1(ok255), unc-
6(ev400), unc-40(n324), and madd-4 (ok2854) and standard error
of the mean is shown. For all graphs, statistical significance (p <
0.001) is indicated with a filled asterisk whose color is matched
with a dot above the data point to which the comparison was
made. A lack of significant difference (p > 0.05) is indicated with an
open asterisk whose color is matched with a dot above the data
point to which the comparison was made. If the dot or asterisk is
between an adjacent pair of bars, the comparison holds true for
both of the bars. In (E), statistical comparisons are made with
respect to the percentage of dorsally redirected axons. In the case
of themadd-2 comparison in the left graph of (E), p = 0.057). More
information on the localization of dorsally expressed MADD-
4::YFP is presented in Figure S5.
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indeed have synthetic ventral muscle arm extension defects
that were as dramatic as the dorsal muscle arm extension
defects of the madd-4(tr185) single mutant (Figures 1I and 1L).
By contrast, null alleles of slt-1 and unc-129 did not enhance
madd-4’s muscle arm extension defects (Figures 1J and 1L).
We conclude that MADD-4 is sufficient to guide larval muscle
arm extension to the dorsal cord and that it cooperates with
UNC-6 to guide muscle arm extension to the ventral cord during
larval development.
MADD-4 Guides Axons along the Dorsal-Ventral Axis
Given the cooperativity of midline signals to orient migrations
along the dorsal-ventral axis, we wondered whether MADD-4676 Developmental Cell 21, 669–680, October 18, 2011 ª2011 Elsevier Inc.plays any role in guiding other UNC-40-dependent
migrations along this axis. To answer this question,
we investigated the guidance of the AVM and PVM
mechanosensory axons (Figure 6A). The AVM and
PVM neurons express the UNC-40 receptor, which
directs axon extension toward the UNC-6 ligand at
the ventral midline (Chan et al., 1996; Wadsworth
et al., 1996). The AVM and PVM neurons also expressthe SAX-3 receptor, which mediates repulsion from dorsally
expressed SLT-1 (Hao et al., 2001; Zallen et al., 1998). Null muta-
tions in either the netrin or slit pathways result in mild AVM and
PVM axon guidance defects (Hedgecock et al., 1990; Zallen
et al., 1998). However, the ventrally directed extension of the
AVM and PVM axons is nearly abolished in animals with both
pathways knocked out (Figure 6B; Hao et al., 2001).
We found that madd-4 null animals have no defects in AVM
and PVM axon guidance (Figure 6B). However, the madd-4 null
allele enhanced the AVM guidance defects of unc-6, and slt-1
null mutants, but not that of unc-40 null mutants (Figure 6B). It
is unclear why the guidance defects of the PVM axon in slt-1
mutants is not enhanced bymadd-4, but others have also noted
that the PVM behaves differently than the AVM (Fujisawa et al.,
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MADD-4 Guides Muscle Arms and Axons in C. elegans2007). Others have also noted that AVM guidance in unc-6 null
mutants is more defective than in unc-40 null animals (Chang
et al., 2004; Fujisawa et al., 2007), suggesting that UNC-6 plays
other roles in guiding the AVM aside from signaling through
UNC-40. Regardless, these results indicate that MADD-4 plays
an ancillary role in guiding the AVM axon and are consistent
with the idea that MADD-4 signals through an UNC-40 complex.
To further exploreMADD-4’s ability to guide the AVMand PVM
axons, we examined axon trajectories in animals that ectopically
express MADD-4 from the dorsal muscles (see methods). The
AVM and PVM axons often extend toward the dorsal midline in
these animals (Figures 6C–6E). This is in contrast to the trajectory
of the misguided AVM and PVM axons of netrin and slit mutant
animals that invariably extend along the anterior-posterior axis.
We found that the unc-40 null mutation nearly abolishes the
ability of MADD-4 to redirect the AVM and PVM axons dorsally
(Figure 6E). As expected, the removal of the UNC-6 and SLT-1
cues that guide axons ventrally enhances the ability of dorsally
expressed MADD-4 to redirect axons dorsally (Figure 6E). These
results are consistent with the model that MADD-4 attracts
extending processes through a direct or indirect interaction
with the UNC-40 receptor.
Intriguingly, we found that dorsally expressed MADD-4
enhances the lateral AVM and PVM axon guidance defects of
the unc-40 null (Figure 6E). This suggests that MADD-4 may
also act through a non-UNC-40 receptor to influence the guid-
ance of the AVM and PVM axons.
AnADAMTSL3Mutation Implicated inColorectal Cancer
Disrupts MADD-4 Activity
Mutations in ADAMTSL3, which is one of the twoMADD-4 ortho-
logs in humans, is associated with colorectal cancer (Sjo¨blom
et al., 2006). Of the four missense mutations in ADAMTSL3
that are specifically associated with colorectal cancer, only
one (R587H) disrupts a conserved residue (see Figure S1 and
(Sjo¨blom et al., 2006)). This residue is part of the fourth thrombo-
spondin repeat (TSR4) of both ADAMTSL3 and MADD-4, which
we have shown to be one of two domains that are necessary
for MADD-4 activity (above). We tested whether mutation of
the corresponding residue (R398H) affects MADD-4 activity.
This missense mutation disrupted MADD-4B activity to a similar
extent as removing the TSR4 domain (Figure 5F), suggesting that
MADD-4 and ADAMTSL3 have a related biochemical function.
DISCUSSION
Most migrations along the dorsal-ventral axis of C. elegans are
asymmetrical. Two examples of this asymmetry include the
extension of the AVM and PVM mechanosensory axons toward
the ventral midline and the extension of the commissural motor
axons toward the dorsal midline (Hedgecock et al., 1990). The
asymmetric expression pattern of the UNC-6 and SLT-1 guid-
ance cues can largely account for the proper guidance of these
migrations. By contrast, muscle arm extension to both the dorsal
and ventral midlines is a symmetrical guidance event. Hence, the
guidance cues that originate at dorsal or ventral midlines cannot
fully account for the guidance of muscle arm extension. These
observations suggest the existence of another guidance cue
that is expressed from both midlines. The results presentedDevelopmhere suggest that MADD-4 is this symmetrically expressed guid-
ance cue.
MADD-4 Depends on UNC-40 to Attract Cell Extensions
Wepreviously showed that theUNC-40 transmembrane receptor
functions in muscles to direct muscle arm extension to themotor
axon targets (Alexander et al., 2009). Work presented here
suggests that MADD-4 may signal through UNC-40 to attract
muscle arms and other cell extensions. First, MADD-4 functions
redundantly with UNC-6, the canonical ligand for UNC-40, to
guide muscle arm extension and AVM axons. Second, MADD-
4’s ability to attract muscle arm extension to the CAN neuron is
dependent on UNC-40. Third, the ability of ectopic MADD-4 to
attract AVM and PVM axons to the dorsal midline is suppressed
by the removal of UNC-40, but enhanced by the removal of
other components that guide the mechanosensory axons to the
ventral midline, including UNC-6 and SLT-1. It is possible that
MADD-4 interacts with UNC-40 directly or indirectly through
another receptor whose function is dependent on UNC-40.
MADD-4 Acts Locally to Attract UNC-40-Dependent
Migrations
The existence of a second guidance cue that attracts migrating
cell extensions in an UNC-40-dependent fashion raises an
apparent paradox. Why does the expression of endogenous
MADD-4 at the dorsal midline not interfere with the ventral exten-
sion of other UNC-40-dependent process such as the AVM
axon? One possibility is that there may be more MADD-4 at
the ventral midline than at the dorsal midline. This idea is consis-
tent with the fact that all cell bodies belonging to dorsal cord
motor axons reside in the ventral cord (White et al., 1986). A
second possibility is that the cumulative attractive signal that
reaches the AVM from ventrally expressed UNC-6 and MADD-
4may simply outcompete anyMADD-4-mediated attractiveness
that emanates from the dorsal side of the animal. Finally, relative
to UNC-6, MADD-4 may be expressed at lower levels or be
secreted less efficiently in order to restrict its potency to only
nearby cells. Dorsally expressedMADD-4may attract processes
from cells that are relatively close, like the dorsal muscles, but fail
to interfere with the guidance of other cells that are further away,
like the AVM neuron.
Muscle arms extend toward their motor axon targets at the
midline. Once the muscle arms reach their target destination,
they likely remain in place indefinitely (Dixon and Roy, 2005).
However, two lines of evidence suggest that it is unlikely that
MADD-4 serves as both a muscle arm chemoattractant and
a cell adhesion molecule to anchor the muscle arm termini in
place. First, we do not observe wayward muscle arm termini in
madd-4 null mutants. All remaining muscle arms in madd-4
mutant animals appear to be in close contact with the nerve
cords. Second, an examination of the muscle membrane
that extends toward CAN-expressed MADD-4 suggests that
the redirected processes do not adhere to the CAN neuron,
but instead adhere to other redirectedmuscle arms. By contrast,
the few processes that extend toward CAN-expressed
membrane-tethered MADD-4 appear to adhere to the CAN
neuron (not shown). These observations suggest that MADD-4
may not play a role in anchoring muscle arm termini to the nerve
cords but may instead function strictly as an attractant.ental Cell 21, 669–680, October 18, 2011 ª2011 Elsevier Inc. 677
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MADD-4’s expression is likely restricted to the nervous system
of the worm. RNA-Seq data from modENCODE indicates that
the expression pattern of the fly’s ortholog is also likely restricted
to the nervous system (Roy et al., 2010). In mammals, however,
MADD-4 orthologs are more widely expressed. Isoforms of
ADAMTSL1 are expressed at higher levels in skeletal muscle,
while ADAMTSL3 is widely expressed (Hirohata et al., 2002;
Koo et al., 2007). These expression patterns suggest that
mammalian MADD-4 orthologs may have roles beyond axon
guidance. Whether the ADAMTSLs play a role in axon guidance
or guiding cells that are associated with epithelial development
or maintenance remains to be determined.
Human Orthologs of MADD-4 and UNC-40 May
Have a Common Function
Our work has shown that MADD-4 and UNC-40 share a common
function of guiding muscle arms to their motor neuron targets.
Intriguingly, the human orthologs of MADD-4 and UNC-40 may
also share a common function. ADAMTSL3, which is one of
two MADD-4 orthologs in humans, is one of 69 genes that are
frequently mutated in colorectal cancers (Sjo¨blom et al., 2006).
DCC, which is one of two UNC-40 orthologs in humans, is so
named because the chromosomal region in which it resides is
frequently deleted in colorectal cancers (Fearon et al., 1990).
Whether DCC is a true tumor suppressor is contentious because
mouse knockouts of DCC do not develop colorectal tumors
(Fazeli et al., 1997). However, new evidence suggests that
a stepwise disruption of the netrin receptors UNC5C and DCC
is strongly associated with colorectal cancer in humans (Shin
et al., 2007). Hence, both ADAMTSL3 and DCC may function
as tumor suppressors.
ThemechanismbywhichDCCmaysuppresscolorectal cancer
is distinct from its role in axon guidance. Within the epithelium of
the gastrointestinal tract, DCC is thought to act as a dependence
receptor (Mehlen et al., 1998). When engaged by netrin at the
base of the colorectal microvillus (i.e., the crypt), DCC likely
promotes the survival of the epithelial cells (Mazelin et al., 2004).
As the cells proliferate and move away from the source of netrin
within thecrypt, DCCdissociates fromnetrin and is proteolytically
cleaved within its cytoplasmic domain to reveal a motif that
promotes apoptosis (Mazelin et al., 2004). The deletion of DCC
within colorectal tumors may therefore facilitate the survival of
metastatic cells beyond the niche of the colorectal crypt.
One possible mechanism by which ADAMTSL3 may function
as a tumor suppressor is by changing the nature of DCC’s inter-
action with netrin. By interfering with the netrin-DCC interaction
that promotes proliferation of epithelial cells, ADAMTSL3 might
promote DCC’s proapoptopic signaling function. Disabling
ADAMTSL3 would therefore promote the proliferation of colo-
rectal tumor cells. Whether the relationship between MADD-4
and UNC-40 is indeed conserved in other animals requires
further investigation.
MADD-4 Is a Secreted Cue Required
for Midline-Oriented Guidance
Pioneering studies of guided cell migration in C. elegans lead to
the suggestion that motor axons may secrete a chemoattractant
to attract muscle arms (Hall and Hedgecock, 1991; Hedgecock678 Developmental Cell 21, 669–680, October 18, 2011 ª2011 Elsevet al., 1990). This early work also suggested that netrin was
unlikely to be the sole muscle arm chemoattractant because
muscle arms extended to the motor axons without UNC-6
(Hedgecock et al., 1990; Ishii et al., 1992). Our later work sug-
gested that other characterized guidance cueswere also unlikely
to be the primary muscle arm chemoattractant (Dixon et al.,
2006). Through a forward genetic screen, we found MADD-4,
which exhibits all of the expected hallmarks of a muscle arm
chemoattractant. MADD-4 is secreted by the target cells of ex-
tending muscle arms and attracts muscle arms from a distance.
Whether MADD-4 functions on its own or as part of a complex to
attract cell extensions is currently unknown. Like most other
components that regulate muscle arm extension (Alexander
et al., 2009, 2010; Hao et al., 2010), MADD-4 also helps guide
axons and is well conserved among animals. Given that no
biological role has been ascribed to any MADD-4 ortholog, it is
possible that MADD-4 is the founding member of a family of
guidance proteins.
EXPERIMENTAL PROCEDURES
Nematode Strains, Counts, and Microscopy
All strains were cultured and maintained at 20C according to standard
protocol (Brenner, 1974). All muscle arm counts were performed in the back-
ground of the chromosomally integrated transgenic array trIs30 I or trIs70 II.
Both arrays express membrane-anchored YFP from the him-4 promoter in
select distal bodywall muscles alongwith other markers of commissural motor
axons (Dixon and Roy, 2005). Muscle arms were counted as previously
described (Dixon and Roy, 2005), except for in deficiency mapping experi-
ments where full dorsal (dorsal right muscles 9, 11, 13, and 15; see Dixon
and Roy, 2005) counts were performed on a minimum of 15 individual young
adults. AVMs and PVMs were visualized using the fluorescent reporter back-
ground muIs32 (Ch’ng et al., 2003). The direction of axon extension of 50
AVMs and PVMs from at least three separate populations of the same strain
was counted on standard culture plates using an epifluorescent MZ16 dissec-
tion scope (Leica Inc.) with a 23 objective. Redirected muscle arms were
counted from 20 left and right sides of worms for each strain. For transgenic
strains, muscle arm redirection was characterized in two lines harboring inde-
pendently derived extrachromosomal transgenic arrays. All counts of muscle
arms and axon extensions are fromworms paralyzed with 2–10mM levamisole
(Sigma) in M9 solution (Lewis and Fleming, 1995) and photographed as
previously described (Dixon and Roy, 2005). The alleles of all double-mutant
combinations whose genotype cannot be verified through phenotype alone
(madd-4; slt-1 for example) are genotyped using PCR and/or sequence of
five or more individual progeny of a single cloned double-mutant candidate.
Statistical differences were investigated using the Student’s t test.
The Genetic Screen for Madd Mutants
A genetic screen for C. elegans muscle arm development defective
(Madd) mutants was performed by incubating a mixed stage population of
RP112 trIs25 [pPRRF138.2(him-4p::MB::YFP), pPRZL47(F25B3.3p::DsRed2),
pRF4(rol-6(su1006)]; rrf-3(pk1426) animals in 50 mM ethyl methanesulfonate
(EMS) for 4 hr. pRF4, which induces a rolling phenotype, was used to facilitate
the observation of muscle arm extension in the living animals, and rrf-
3(pK1426)was used to decrease the visual noise imparted by the pPRRF138.2
transgene. Resulting F1s were synchronized as L1s (Lewis and Fleming, 1995)
and grown on 6 cm plates (approximately 3000 per plate). A COPAS Biosort
(Union Biometrica, Inc) was used to place 3 L3-stage F1 worms per well in
12-well plates, and the F2 progeny were screened 4 days later for mutants
with muscle arm extension defects using a Leica MZFLIII epiflourescence
dissection microscope with a 23 objective.
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